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ship encounters. Houck and Reagan (1990) showed that courtship time was significantly reduced for those pairs in which the female was treated with the pheromone solution.
We have extended the generality of these results by addressing the effects of courtship pheromones in Plethodon jordani, a terrestrial salamander having a very different delivery mode. In P. jordani, courtship pheromones are delivered when the male rubs or slaps his mental gland directly on the female's nares (Organ, 1958; Arnold, 1976) . Based on work with a related plethodontid salamander (Dawley and Bass, 1988, 1989 ; Dawley, 1992), we infer that this kind of direct contact results in the delivery of courtship pheromones to the vomeronasal organ and thus to the accessory olfactory system. For other vertebrates, pheromonal stimulation of the accessory olfactory system has been well documented to affect the expression of reproductive behaviors, including increased receptivity (Singer et al., 1986; Rajendren et al., 1990).
We tested the hypothesis that, if a P. jordani pair engages in courtship, female receptivity will be increased following the application of male courtship pheromones. Increased receptivity is operationally defined as a reduction in courtship time relative to control values. Pheromone solution.-During gland removal, males were anesthetized briefly in a mixture of 4% ether in water. The courtship gland of each male was excised and placed into a molar solution of acetylcholine chloride (AChCl) for approximately 10 min. Glands were then discarded; the solution was centrifuged for 30 min; and the supernatant was removed and frozen at -80 C. The frozen solution was shipped to RCF for recovery and concentration of the pheromone solution. The solution was subjected to ultrafiltration to remove AChCl and adjust the buffer concentration to one-half strength Dulbecco's phosphate buffered saline (PBS). Control solutions were made from the same PBS. Solutions were divided into aliquots and shipped to Highlands on dry ice for behavioral tests. Following gland removal, males were allowed to recover from surgery for at least one week prior to the first courtship trial. After a courtship gland has been ablated, the male still behaves as though the gland were present (LDH, pers. obs.).
MATERIALS AND METHODS

Collection
Experimental protocol.-Two experimental blocks of courtship encounters were staged, each block using a different set of 60 males and 60 females. Block I consisted of four courtship trials, conducted on 8, 12, 16, and 20 September 1993. Block II was comprised of two courtship trials, conducted on 13 and 17 September. The multiple block design allowed us to conduct more trials within a limited time (13 days) while controlling for possible variation in courtship propensity at different times during the two-month breeding season.
During each trial, 60 male-female pairs were observed. On the first trial, 30 females were pretreated with the courtship pheromone solution. The remaining 30 females were pretreated with the saline control solution. Courtship propensity scores from pretrial screening tests (described above) were equivalent for the pheromone-and saline-treated groups. Group treatments alternated on subsequent trial nights such that each female was exposed to an equal number of treatments (pheromone and control) in an alternating sequence. This counterbalanced protocol ensured that data for both treatment types were obtained on each trial night, thereby controlling for possible night effects.
Delivery of treatment solutions.-Pheromone and saline solutions were kept frozen at -80 C in aliquots and thawed just prior to behavioral observations. Drops from the appropriate solution were delivered to females in two ways: directly to the nares, and via saturated filter paper placed on the female's rostrum. On a given trial night, females were placed into courtship boxes at dusk and a 5-1xL drop of treatment solution was delivered to the nares of each female. After 20-30 min, a rectangular piece of filter paper saturated with 5 ,LL of treatment solution was placed onto the female's rostrum, in proximity to the nares. Saturated filter paper was used in an attempt to continue the delivery of the treatment solution during the courtship encounter (Houck and Reagan, 1990), without the potential disruption of male-female interactions that drops might have caused. After an additional 20-30 min, each female was given a final drop of treatment solution on the nares. Immediately after the final drop was delivered, the male was introduced into the courtship box. A female received only one treatment (saline or pheromone) per trial. Boxes were arranged in a randomized manner so that behavioral observations were conducted blind.
Behavioral sampling methods.-A scan sample (Altmann, 1974) of all pairs was conducted every 15 min for 6 h to record the progress of courtship for each pair. Categories of courtship behavior follow the behavioral observations and analyses of Organ (1958) and Arnold (1976). The following stages of courtship behavior were recorded: (I) orientation-male orienting toward or approaching the female; (II) active courtship-male actively makes contact with the female, for example, by rubbing her body with his head; (III) tail-straddling walk-the female walks forward with the male while straddling his tail and resting her chin on his tail base; the male typically delivers courtship pheromones while in the tail-straddling walk by turning back and slapping his courtship gland across the female's nares (see fig. 6 in Arnold, 1977); and (IV) spermatophore deposition-the male lowers his cloaca to the substrate and takes approximately 5 min to deposit a spermatophore; a receptive female will remain in the tail-straddling position throughout spermatophore deposition.
At the conclusion of the observation period, females were scored for insemination success (sperm mass present in her cloaca), and salamanders were returned to their maintenance * I 1 I, PHEROMONES --Ill/- --1  11  II  I  1I  26  35   III  IV  164  181 min   CONTROL   I  I  III  IV  38  50  176  194 Our results differ from those of Houck and Reagan (1990), who studied the effects of courtship pheromones in another terrestrial salamander, D. ocoee. Data for D. ocoee showed that courtship pheromones produced no effect on initial courtship stages but were significant in reducing the average time it took pairs to reach later stages (tail-straddling walk and spermatophore deposition). The variation in pheromone effects between D. ocoee and P jordani may result from how closely our experimental delivery matched the normal delivery modes for these species. Pheromone delivery in D. ocoee is by an "injection" system (described above). The pheromone-saturated paper disc that was placed on each D. ocoee female prior to a courtship encounter probably continued to provide pheromone stimulation throughout the encounter. By contrast, pheromone delivery in P jordani normally occurs only when the male's gland contacts the female's snout (especially the nares and nasolabial grooves). Although the pheromone pretreatment stimulated the female, the filter paper disc near the nares may have been ineffectual in continuing pheromone delivery to the nares throughout the encounter. Thus, the treatment that each P jordani female received just prior to the start of a courtship encounter may have worn off before a pair had escalated to later courtship stages. Typically, a female receives courtship pheromone stimulation only when the male and female are engaged in a tail-straddling walk ( In two aquatic salamander species (salamandrids: newts and their relatives), experiments demonstrate that males produce olfactory pheromones to which females respond preferentially. In these species, the male pheromones do not seem to affect female receptivity but act instead as sex attractants by bringing a female to a potential male mate. In female crested newts (Triturus cristatus), for example, recordings from the olfactory epithelium showed significant neurophysiological responses to waterborne odors from conspecific males (Cedrini and Fasolo, 1971). Female response to male pheromones also has been studied in Asiatic newts, Cynops pyrrhogaster, that have migrated to a pond during the spring breeding season (Kikuyama et al., 1995). Female C. pyrrhogaster will orient preferentially toward a water current that flows from an aquarium containing odorants produced by a sexually active male. The behaviorally effective pheromone has been identified as a peptide, and females will orient to a sponge that has been treated with this peptide (Kiku-yama et al., 1995). For both species of aquatic newts, T cristatus and C. pyrrhogaster, experiments were designed to test whether male pheromones could function to attract receptive females. In the normal course of courtship, however, these pheromones may typically be delivered to a female that the male is actively courting. The primary function of these chemosignals may therefore be to act as courtship pheromones (Arnold and Houck, 1982). Experimental work has not yet provided an explicit demonstration that these salamandrid pheromones alter female receptivity.
Resolving the issue of receptivity versus attraction to a potential mate allows us to infer the evolutionary agents that have acted on attributes of pheromone delivery. Natural selection is likely to be an influencing agent on traits that function to bring potential mates together. However, traits that primarily result in differential mating success among males are most likely to be affected by sexual selection. In plethodontid salamanders, male courtship pheromones are employed after potential mates are together already. Behavioral observations suggest that these pheromones function solely to alter female receptivity after courtship has begun (Arnold and Houck, 1982). This inference is supported by circumstantial evidence that courtship pheromones do not have other influences, such as affecting oviposition: in most plethodontids, courtship and insemination are decoupled from oviposition, occurring weeks or months before the female ovulates and deposits a clutch. To the extent that these pheromones only act during courtship to alter female mating response, sexual selection is likely to be the sole effective agent in guiding the evolution of these pheromones.
